Introduction
Air permeability describes the rate of flow of a fluid through a porous material, and the mathematical expression is given by q Q At =
Where q is rate of flow (m/s), Q is volume of flow of fluid through the sample (m 3 ), t is time (s) and A is the cross-sectional area (m 2 ).
Non-woven fabrics stand out as a unique class of porous media, which contain relatively high volume of air and very complex structure due to the random arrangement of fibres. Air permeability is one of the most important properties of nonwoven fabric in many applications, Numerous researchers have worked on the air permeability of non-woven fabrics in both experiment [1] [2] [3] and analytical prediction [4] [5] [6] [7] . In general, two theories are applied for predicting the air permeability of porous materials: the first based on hydraulic radius theory, and the second based on drag theory.
Darcy derived an equation for calculating the air permeability based on hydraulic radius theory, which states that rate of flow is directly proportional to the pressure gradient causing the flow [8] . The equation is as follows:
Where q is the rate of flow (m/s), kp is the flow permeability coefficient (m 2 ), ∆p is the pressure gradient (pa), μ is the viscosity of the flow (pa·s), L is the thickness of sample (m), Q is the volume flowing in time (m 3 ), A is the cross-section area (m 2 ) where flow goes through, t is time (s).
The key parameter for predicting air permeability is the permeability coefficient. Kozeny and Carman [8] proposed another equation to determine the permeability coefficient for homogeneous porous materials having porosity less than 0.94, and then Davies [9] extend this work and empirically derived a mathematical expression for predicting the air permeability coefficient of non-woven fabrics having porosity in the range of 0.7-0.994. Mohammadi [5] modified the Kozeny formula by introducing Davies' permeability coefficient to predict air permeability of layered non-woven fabrics. The mathematical expression of permeability coefficient is given by ( )
Where d is fibre diameter (m), ε is porosity, μ is the viscosity of the flow (pa·s), kD is the Davies constant, which is given by ( ) ( ) ( ) 
From a different point of view, the drag theory leads to a different expression for the dependence of resistivity on porosity than that given by the hydraulic radius theory. Some researchers [7] reported that the drag theory can explain the air permeability of porous materials. The air permeability of porous materials is given by [7] ( ) 2 2 ln 1 9. 4 2.4 ln
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Results and discussions
Determination of the structural characteristics of nonwoven fabric
In non-woven fabrics, pores of all geometrical shapes are possible because of the random arrangement of fibres. Some researchers stated that the air permeability of non-woven fabrics is related to the fibre diameter, porosity, pore size and pore shape or tortuosity factor [11, 12] .
According to the images of the fibres (figure 1), the mean fibre diameter was around 45 ± 5 μm, hollow diameter was 22 ± 3 μm, and the air volume content was 27 ± 8%. Hollow fibre density was 1034 kg/m 3 , which was calculated by ( )
Where ρf is fibre density (kg/m 3 ), n represents the number of fibres, m represents mass of single fibre (kg), r1 and r2 represent fibre diameter and hollow diameter (m), l represents length of single fibre (m).
The porosity of non-woven fabric is given by
Where ε is the porosity of non-woven fabric, ρn and ρf are the densities of non-woven fabric and fibre (kg/m 3 ), respectively.
Where q is the rate of flow (m/s), ∆p is the pressure gradient (pa), ρf and ρn are the fibre and non-woven fabric densities (kg/ m 3 ), d is the fibre diameter (m), L is the thickness of sample, μ is the viscosity of the flow (pa·s), Re is Reynolds number, which is given by
Where ρ is fluid density (kg/m 3 ) and v is fluid velocity (m/s).
In this work, some non-woven fabrics with various parameters such as density, porosity and thickness were prepared in a carding machine and a needle-punched machine. The air permeability of non-woven fabrics was measured in an air permeability tester FX3300. The experimental results were compared with analytical models based on these two theories, and the effects of some parameters on the air permeability were discussed.
Experiment
Polyester hollow fibres (supplied by Sinopec Yizheng Chemical Fibre Company Limited) were used to prepare non-woven fabrics in carding machine and needle-punching machine at our laboratory. After keeping non-woven fabrics at a constant temperature and constant humidity box for 24 hours, the nonwoven fabrics were measured.
The profiles of hollow fibres and non-woven fabrics were observed by scanning electron microscopy (SEM). The thickness was measured by an Alambeta instrument, which enables quick measurement of the sample thickness under a 200 Pa contact pressure [10] . The air permeability was measured by air an permeability tester FX3300, which experimental values, especially for model 2, which is based on drag theory. Meanwhile, the prediction of models becomes worse with the increase in pressure gradient.
Higher predicted values from model 1 might be due to the assumption that the non-woven fabrics are ordered structures, which is different from reality. The mean hydraulic radius cannot be easily defined. Higher predicted values from model 2 might be due to the much higher Reynolds number, which is the key factor associated with an intrinsic variation of drag. For model 2, the Reynolds number is limited around 1 [7] . Therefore, analytical determination of air permeability of nonwoven fabrics is still very challenging.
The effect of porosity on air permeability
Air permeability of non-woven fabrics increases with the increase in porosity, and the predicted values from model 1 are higher than the experimental results, especially when the porosity and the pressure gradient are increasing (figure 4). The predicted values based on model 2 were not given due to the limitation of Reynolds number. Model 1 stated the correlation between permeability and porosity. However, some researchers [14, 15] concluded that there is no simple correlation between permeability and porosity because of the strong dependence of flow rate on the width, shape and tortuosity of the conducting channels. Piekaar [11] and Clarenburg [12] point out that the tortuosity factor, the ratio of the effective or tortuous channel length and the sample thickness are important parameters in determining flow through non-woven fabrics.
The effect of density on air permeability
According to figures 2 and 4, it is obvious that the air permeability of non-woven fabrics would decrease with the increase in density, and the experimental results gave the same trends ( figure 5 ). Therefore, density might not be an important parameter as it can be replaced by porosity. Besides, density cannot provide any detail information about the pore size and pore shape.
The mean effective pore diameter of non-woven fabrics is given by Verschoor [13] :
Where D is the mean effective pore diameter (m), d is the mean fibre diameter (m) and ε is the mean porosity of the sample.
The relation of density and porosity
Obviously, the density of non-woven fabric is inversely proportional to the porosity of non-woven fabric according to equation (9), and figure 2 also shows the relationship between the density and porosity of non-woven fabrics. The density had a wider change with respect to the change of porosity.
The effect of thickness on air permeability
According to equations (2) and (6), the air permeability would decrease with increase in thickness of non-woven fabrics, and the experimental results showed the same trends ( figure 3) . However, the predicted values were much higher than the which may be needed to take pore size and pore shape into consideration.
The effect of pressure gradient on air permeability
Model 1 implied that the air permeability would be directly proportional to the pressure gradient, but the experimental results demonstrated that the air permeability of samples under a 200 Pa pressure gradient was 1.6 times higher than the air permeability of samples under a 100 Pa pressure gradient.
Conclusion
Air permeability of non-woven fabrics with different structures was investigated in this study. Some conclusions can be made based on the results: (1) the air permeability of nonwoven fabrics decreased with the sample's thickness and density, increased with the increase of porosity and the air permeability was not directly proportional to the pressure gradient; (2) the prediction model based on hydraulic radius theory had a better agreement to experimental values than the model based on drag theory; but the values were much higher than the experimental results, especially for higher porosity and higher pressure gradient. Therefore, more work is needed for improving the accuracy of prediction model 
